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Abstract: A real-time channel flood forecast model was developed to simulate channel flow in 
plain rivers based on the dynamic wave theory. Taking into consideration channel shape differences 
along the channel, a roughness updating technique was developed using the Kalman filter method to 
update Manning’s roughness coefficient at each time step of the calculation processes. Channel 
shapes were simplified as rectangles, triangles, and parabolas, and the relationships between 
hydraulic radius and water depth were developed for plain rivers. Based on the relationship between 
the Froude number and the inertia terms of the momentum equation in the Saint-Venant equations, 
the relationship between Manning’s roughness coefficient and water depth was obtained. Using the 
channel of the Huaihe River from Wangjiaba to Lutaizi stations as a case, to test the performance 
and rationality of the present flood routing model, the original hydraulic model was compared with 
the developed model. Results show that the stage hydrographs calculated by the developed flood 
routing model with the updated Manning’s roughness coefficient have a good agreement with the 
observed stage hydrographs. This model performs better than the original hydraulic model.     
Key words: flood routing; Manning’s roughness coefficient updating method; Kalman filter; 
Froude number; Saint-Venant equations; hydraulic model     
1 Introduction 
Flow routing is a mathematical procedure for predicting the discharge and stage 
hydrographs at various locations in open channels. Mahmmod and Yevievich (1975) provided 
a comprehensive review of various flow routing methods and indicated that the dynamic wave 
routing method based on the complete differential equations of the Saint-Venant equations is 
the most accurate flow routing method. A major limitation of such dynamic models is the 
uncertainty involved in the estimation of the friction slope in the momentum equation 
(Gopakumar and Mujumdar 2008). The friction slope is usually calculated with Manning’s 
equation. Manning’s roughness coefficient (n) is one of the main parameters used in calibrating 
dynamic models (Chow 1959). Results from dynamic routing are very sensitive to the 
roughness coefficient, but accurate estimation is difficult due to its dependence on uncertainties 
(Chow et al. 1988; Romanowicz and Beven 2003). 
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Several researchers have made attempts to study the roughness coefficient as it is affected 
by the flows. Ackers (1992) showed that the calculated Manning’s roughness coefficient varied 
with water stage in open channels. An iterative method for estimating Manning’s roughness 
coefficient was developed for open channel flow routing by Alain (1992). A multilinear discrete 
lag-cascade model coupled with time-variable parameters related to the physical characteristics 
of channels was used for channel flood routing by Camacho and Lees (1999). Dey (2002) 
expressed Manning’s roughness coefficient as a function of the channel bottom slope for both 
subcritical and supercritical flows. Liu et al. (2003) calculated Manning’s roughness coefficient 
with two sets of empirical equations depending on water depth and vegetation to investigate the 
effects of mangrove trees on flow resistance. Hsu et al. (2003, 2006) developed a roughness 
updating technique for the dynamic routing model using the Gauss-Newton method to 
minimize the error in water stage forecast. In China, there has been much research on 
Manning’s roughness coefficient. Jin et al. (1998) identified the inverse problem of the 
roughness parameter and provided an optimum solution method for overcoming the defects of 
the trial and error method. Li et al. (2003) used the four-point linear implicit form to solve 
water flow equations for inverse analysis of water flow in river channels and the roughness of the 
channels based on the Kalman filter. Dong et al. (2001) and Dong and Yang (2002) introduced a 
new method based on the theory of parameter identification for calculating Manning’s roughness 
coefficient in the one-dimensional flow equation. According to the generalized inverse theory 
and the Backus-Gilbert inverse theory, Cheng and Liu (2005) used the singular value 
decomposition (SVD) and Newton-generalized inverse matrix to analyze the optimization 
orientation and roughness coefficient inverse. Wu and Wang (2008) used the Kalman filter to 
realize the real-time updating of the roughness parameters in the momentum equation.  
In this study, in order to simulate channel flood routing in plain rivers, a hydraulic model 
was developed with Manning’s roughness coefficient being updated to minimize the 
differences between observed and forecast water stages using the Kalman filter theory during 
the flood routing process. Using a reach of the middle channel of the Huaihe River from 
Wangjiaba to Lutaizi stations as a study case, the developed model was applied to channel 
flood routing, with consideration of the differences of channel cross section shapes in the plain 
river. For comprehensively evaluating the developed model, the application of the original 
hydraulic model (Chow et al. 1988; Li 1998) is also presented. 
2 Roughness coefficient inverse analysis based on Kalman filter 
2.1 Development of roughness coefficient inverse analysis model 
Nocedal and Wright (1999) developed the following equations: 
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k:where  is the time step; k  is the vector of the Manning’s roughness coefficient n of different 
reaches at the kth time step:  T0 1 2 1, , , ,k k k k kNn n n n  ": , where  is the number of the updated 
Manning’s roughness coefficient;  is the updated value at the kth time step: 
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When the channel is wide and shallow, the hydraulic radius (R) is approximately equal to the 
water depth (Y), so Y and the elements lying along the diagonal of I  can be computed by the 
following equations (Chow 1959; Hsu et al. 2006): 
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where Q is the discharge; B is the channel width;  is the friction slope; the subscript i
indicates the ith gauge station; and the subscript j indicates the jth cross section with 
updated Manning’s roughness coefficient, whose value is 
fS
1,2, , 1N " , numbered from 
upstream to downstream. 
In general, the shapes of channel cross sections can be simplified as rectangles, triangles, 
and parabolas. According to Tewolde and Smithers (2006), the relationship between hydraulic 
radius and water depth of the triangular channel cross section can be developed as follows: 
2
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I can be computed by Eq. (5):                     Thus, the elements lying along the diagonal of 
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Similarly, for a parabolic channel, the relation between hydraulic radius and water depth is 
. Thus, the elements lying along the diagonal of 0.5 R I can be computed by Eq. (6):               
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When the river channel lies in a mountainous area, the river flow is in a single direction 
and the water stage is affected only by the downstream conditions, so the matrix I  is the 
upper triangular matrix. Similarly, I  is a full rank matrix for plain channels. 
1mAssuming there are  water stage stations in a channel, with the introduction of the 
concept of the constant roughness coefficient , the updated roughness coefficient 
. The original value of  can be calibrated with good representative data 
from several flood events, and 
cn
1
c
k   'n n n 1k cn
1k 'n is the variation of Manning’s roughness coefficient. 
Two sources of noise are assumed to make the exact state of the system unknown in the 
Kalman filter theory. One is from measurement uncertainty, and the other arises from a random 
forcing of the system in time. The modeling uncertainty from errors in the numerical approach 
and observation data can be represented by the additional stochastic term 1k Z , called system 
noise (Wu 2009), so the system state equation and measurement equation can be developed: 
System state equation: 
1k k'  ' n n kZ  (7) 
Measurement equation: 
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w wY n1kQand  is the measurement errorCalculation of the term  is the key to obtaining 
the updated . Therefore, the detailed calculation steps of the term w wY n1k'n  is as follows. 
w
w
Y
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2.2 Calculation of term  based on relation between Froude number 
and inertia terms for plain channel 
The Saint-Venant equations are used for flood routing for the discharge and stage 
hydrographs at various locations in open channels (Chaudhry 1993). The inertia terms in the 
Saint-Venant equations of continuity and momentum relate to the Froude number (Fr) in  
1
g t
w
w
vopen flow (Wang et al. 2003a, 2003b). The term  in the Saint-Venant equations can be 
written as    1 21 1
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where  is the flow velocity, g is the gravitational acceleration, and t is time. v
According to Wang et al. (2003a, 2003b), for a rectangular channel,  
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where x is the distance along the channel, and 0S  is the channel bottom slope. 
For section  and section i 1i  ,
1i iY Y i\   (12) 
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iX' is the difference formed by the finite difference method, and where i\  is the channel 
length between the ith section and the (i+1)th section. 
In a similar way, for a triangular channel or parabolic channel,  
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According to Eqs. (3), (5), and (6), the following equation can be obtained: 
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Neglecting the effects of higher order terms, for a rectangular channel,  
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For a triangular channel or parabolic channel,  
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Thus a real-time roughness coefficient updating method using the Kalman filter was 
developed and coupled with a hydraulic model for real-time flood forecast. 
3 Application of hydraulic model with real-time roughness 
coefficient updating using Kalman filter 
3.1 Study area 
The Huaihe River is located between latitudes 31°N and 35°N and longitudes 112ºE and 
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121ºE. It originates in the Tongbai Mountains of Henan Province, flows into the Yangtze 
River, and covers four provinces of China. The length of the main channel of the Huaihe River 
is 1000 km and the total area of the basin is km251.912 10u . Its mean annual precipitation 
and runoff depth are approximately 888 mm and 240 mm, respectively. The runoff coefficient 
ranges from 0.1 (in the northeast) to 0.6 (in the southwest). The Huaihe River can be divided 
into the upper, middle, and lower streams. The area from Wangjiaba to Sanhe Gate is the 
middle stream, in which the channel has a gentle slope. The water stage at Wangjiaba Station 
is a key flooding indicator for the entire basin. It is therefore important to conduct reliable 
discharge forecast at Wangjiaba Station. There are over 1 000 reservoirs in the Huaihe Basin, 
over 20 large gates for flood control and irrigation along the river system, 18 flood diversion 
areas, and nine flood retarding areas.  
The study area is a reach of the middle channel from Wangjiaba to Lutaizi stations (Fig. 1). 
The length of the channel from Wangjiaba to Lutaizi is 155.16 km. There are three flood 
diversion areas, and four flood retarding areas in the study area. There are four large 
tributaries: the Shihe River and Pihe River to the south of the Huaihe River, and the Yinghe 
River and Runhe River to the north.  
Fig. 1 Sketch of channels of Huaihe River from Wangjiaba to Lutaizi  
3.2 Modeling results 
A one-dimensional hydraulic model of the Huaihe River with flood retarding areas and 
flood diversion areas was developed (Bao 2009; Bao et al. 2009) for comparison with the 
hydraulic model with the real-time roughness coefficient updating using the Kalman filter. 
Observed data of the flood hydrograph from 8:00 a.m. on July 28 to 8:00 a.m. on August 28, 
1998, including a high-inflow event in August 1998, were collected for calibration of the 
hydraulic model. The lateral infow of the main stream, including inflows from tributaries on 
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both sides of the main channel, was estimated on the basis of the Xin’anjiang model, a 
watershed hydrological model widely used in China (Zhao 1983, 1992). The input flood 
discharge from the main channel to the flood diversion areas was estimated using fixed split 
ratios of the main channel discharge. The Muskingum method was used for flood routing in the 
flood diversion area. The flood flow in the flood retarding areas was calculated as a reservoir 
with the water balance method. The upstream and downstream boundary conditions were 
specified with the observed data of discharge from Wangjiaba and the water stage at Lutaizi, 
respectively. According to the locations of water stage stations, the channel between Wangjiaba 
to Lutaizi was divided into four sub-channels along the river: the first channel was from 
Wangjiaba Station to Nanzhaoji Station, the second channel was from Nanzhaoji Station to 
Runheji Station, the third channel was from Runheji Station to Zhengyangguan Station, and the 
fourth channel was from Zhengyangguan Station to Lutaizi Station. More details about the 
one-dimensional hydraulic model of the Huaihe River with flood retarding areas and flood 
diversion areas can be found in Bao (2009). The one-dimensional hydraulic model of the 
Huaihe River is regarded as the original hydraulic model in the following comparisons, and the 
hydraulic model with real-time roughness coefficient updating using the Kalman filter is 
regarded as the coupled model. Before the hydraulic model was run, the real-time roughness 
coefficient inverse analysis model based on the Kalman filter was used to update Manning’s 
roughness coefficient at each time step of the routing process in the coupled model. With 
advances of computer technology over the last ten years, large-scale computers have been used 
for operational work in most hydrological bureaus in China (HBMWRC and HBYRC 2010). 
Therefore, the time-consuming calculation of the coupled model can be neglected.  
kIThe channel between Wangjiaba and Lutaizi has a slope of 0.034%, so the matrix 
is a full rank matrix. The channel from Wangjiaba to Nanzhaoji is simplified as a parabolic 
channel, the channel from Nanzhaoji to Runheji is simplified as a triangular channel, and the 
channel from Runheji to Lutaizi is simplified as a rectangular channel. The observed data 
from 1998 were used for flood forecast with the coupled model and for comparison with the 
original hydraulic model. To demonstrate the validity of the real-time forecast model, the 
water stage processes for the six-hour lead time forecast at observation stations are shown in 
Fig. 2, and the results from the original hydraulic model are also shown. 
Fig. 2 shows that the hydraulic model with roughness coefficient updating can 
significantly improve the forecast stage hydrograph to match it with the observed stage 
hydrograph. The varying trend of channel roughness coefficient updating is the same as that 
of the observed water stage. The value of the roughness coefficient increases with the 
ascending water stage. This is reasonable for a natural river (Chow et al. 1988). For 
Zhengyangguan Station, the steep decline of the roughness coefficient-updated hydrograph is 
related with the channel’s physical characteristics between Zhengyangguan and Lutaizi 
stations on August 27.  
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Fig. 2 Hydrographs of water stage and n for six-hour lead time forecast in 1998 
The comparison of forecast and observed peak stage  is provided in Table 1. The 
results show that the forecast peak stage at Wangjiaba Station before the updating of 
Manning’s roughness coefficient is 28.65 m, which is higher than the observed value of 28.14 m. 
Following the roughness updating process, the forecast stage is 28.25 m. The forecast stages 
at Nanzhaoji, Runheji, and Zhengyangguan stations are updated to be 26.70 m, 26.30 m, and 
24.89 m respectively. Table 1 also provides characteristic forecast values at the observation 
stations, including the coefficient of determination 
maxH
CD , root-mean-square error , and 
water stage error 
RMSE
V , which are widely recognized as the most suitable goodness-of-fit
measures for runoff (Toth et al. 2000). The flood peak stages from the hydraulic model with 
real-time roughness coefficient updating using the Kalman filter are close to the observed 
data. CD  is higher and  is much lower than those of the original hydraulic model for 
all the stations. This indicates that the hydraulic model with real-time roughness coefficient 
updating using the Kalman filter can keep the forecast on the right track throughout the flood 
process. The updated Manning’s roughness coefficient is reasonable and reflects the 
systematic errors of the model. 
RMSE
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Table 1 Comparison of forecast and observed peak stage from July 28 to August 28, 1998 
Original hydraulic model Coupled model ObservedObservation 
station maxH (m) maxH CD RMSE maxH CD RMSE(m) (m) (m) (m) (m) (m) V V
Wangjiaba 28.14 28.65 0.431 0.738 0.465 28.25 0.183 0.880 0.213 
Nanzhaoji 26.18 26.91 0.490 0.680 0.550 26.70 0.334 0.776 0.385 
Runheji 25.79 26.62 0.510 0.639 0.588 26.30 0.389 0.712 0.469 
Zhengyangguan 24.84 25.04 0.375 0.759 0.425 24.89 0.163 0.877 0.216 
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4 Conclusions  
A roughness updating technique using the Kalman filter to minimize the error of water 
stage forecast in hydraulic models was developed. The relationships between hydraulic radius 
and water depth were developed for plain rivers with rectangular, triangular, and parabolic 
cross sections. Based on the relationships between the Froude number and inertia terms of 
momentum equations in the Saint-Venant equations, a relationship between water depth and 
Manning’s roughness coefficient was obtained. A hydraulic model with the updating technique 
for Manning’s roughness coefficient using the Kalman filter theory was applied to the flood 
forecast of plain rivers. Results reveal that the developed hydraulic model enhances the 
predictive capability. The hydraulic model was applied in the Huaihe River for a six-hour lead 
time forecast of water stage using the updated and fixed Manning’s roughness coefficient. The 
results demonstrate that the roughness updating technique is suitable for modeling water stages, 
and the new approach of the hydraulic model with real-time roughness coefficient updating 
using the Kalman filter can provide a useful tool for flood forecast. 
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